Objective: The prevalence of severe primary IGF1 deficiency (IGFD) is unclear. IGFD must be identified promptly as treatment with recombinant human IGF1 (rhIGF1) is now available. Our objective was to characterize and assess the prevalence of severe primary IGFD in a large cohort of patients evaluated for short stature at a pediatric endocrinology unit in France. Design: Observational study in a prospective cohort. Methods: Consecutive patients referred to our unit between 2004 and 2009 for suspected slow statural growth were included. Patients were classified into eight etiological categories. IGFD was defined by height %K3 SDS, serum IGF1 levels !2.5th percentile, GH sufficiency, and absence of causes of secondary IGFD. Results: Out of 2546 patients included, 337 (13.5%) were born small for gestational age and 424 (16.9%) had idiopathic short stature. In these two categories, we identified 30 patients who met our criterion for IGFD (30/2546, 1.2%). In these 30 patients, we assessed the response to IGF1 generation test, time course of IGF1 levels, and efficiency of GH replacement therapy. The results indicated that only four of the 30 children were definite or possible candidates for rhIGF1 replacement therapy. Conclusion: The prevalence of severe primary IGFD defined using the standard criterion for rhIGF1 treatment was 1.2%, and only 0.2% of patients were eligible for rhIGF1 therapy. European Journal of Endocrinology (2014) 170, 847-854 the growth rate and final height of these patients who European Journal of Endocrinology
Introduction
Target gene knockout experiments in laboratory animals and the identification of mutations in humans have established a key role for insulin-like growth factor 1 (IGF1) in growth, both in utero and after birth (1, 2) . IGF1 deficiency (IGFD) can be caused by various conditions including growth hormone (GH) deficiency, nutritional deficiencies, and chronic inflammatory diseases (3, 4, 5) . However, IGFD may occur as a primary disorder, with no identifiable cause. Hormone replacement therapy is widely used in many endocrine diseases, and a recombinant human form of IGF1 (rhIGF1) is now available.
Treatment with rhIGF1 was first used in children with severe primary IGFD caused by insensitivity to GH (Laron syndrome, IGF1 gene mutations, or GH-neutralizing antibodies) (6, 7, 8) . Add-on rhIGF1 therapy improved were not eligible for GH therapy. These results led European authorities to license rhIGF1 for severe primary IGFD with height %K3 SDS, serum IGF1 levels !2.5th percentile, GH sufficiency, and absence of causes of secondary IGFD (malnutrition, hypothyroidism, etc.).
However, because of the very specific phenotype of the patients enrolled in the initial studies, uncertainty remained regarding the number of children likely to benefit from rhIGF1 therapy. In addition, the prevalence of severe primary IGFD has varied across studies (9, 10, 11) .
Our aim here was to characterize and determine the prevalence of severe primary IGFD meeting criteria for rhIGF1 supplementation in a large prospective cohort of children evaluated at a pediatric endocrinology unit. We also described the treatment and outcomes of these patients.
Subjects and methods

Study cohort
To establish our cohort, we prospectively collected the clinical data of all children from the general population observed for suspected slow statural growth at our pediatric endocrinology unit between 1st January 2004 and 31st December 2009. We collected data regarding the height of both parents; the child's medical history (including birth measurements, and medical and surgical conditions); height, weight, BMI, and pubertal status; laboratory findings including IGF1 levels; and bone age and results of screening for constitutional skeletal dysplasia (CSD). We excluded adopted patients (for whom no data were available on birth measurements or biological parents heights) and patients with missing data.
The patients were classified into eight etiological groups (see below). In patients with idiopathic short stature (ISS) and those with a history of being small for gestational age (SGA), a skeletal survey was performed to look for CSD, provided the parents gave their informed consent to this additional investigation.
Methods
Length and birth weight were expressed in S.D. values with reference to Usher & McLean (12) . Weight, height, and genetic target height were expressed in S.D. with reference to the growth curves of the French population established by Sempe & Roy-Pernot (13) . Genetic target height is the mean parental height G6.5 cm (depending on the sex of the child). BMI computed as body weight in kilograms over height in meters squared was expressed as BMI SDS with reference to French curves (14) . Pubertal status was defined according to Tanner (15) and the bone age was estimated using the Greulich and Pyle atlas (16) .
To measure serum IGF1 levels, an IRMA (IGF-I RIACT, CIS Bio International, Gif sur Yvette, France) was used, except between 30th May 2005 and 8th February 2006, when an automated immunochemiluminometric assay was used instead (IGF-I Advantage, Nichols Institute Diagnostics, San Clemente, CA, USA). Both assays involve acidification to displace IGF1 from its binding proteins followed by the addition of an excess of IGF2. Inter-and intra-assay coefficients of variation were !5 and !6% respectively for both assays. In our laboratory, the limit of quantification was estimated to be 5 ng/ml with the IRMA and 10 ng/ml with the chemiluminometric assay. The concentrations measured using these two assays correlated strongly with each other.
One of the criteria for suspected IGFD is persistent circulating IGF1 levels below the 2.5th percentile of the distribution for age and, when appropriate, pubertal stage. The reference values for serum IGF1 levels were obtained from 168 prepubertal normal children aged 6.0G3.3 years whose heights and weights were within 2 S.D. of the normal age-corresponding mean and whose growth velocities during the preceding year were normal (17) .
In patients with IGFD, plasma IGF1 levels were measured once or twice a year and considered normalized if above the 2.5th percentile. IGF1 levels were expressed as Z-scores for chronological age, sex, and pubertal stage, as partly described in a previous study (18) . For patients with criteria of rhIGF1 treatment, a low-dose IGF1 generation test (25 mg/kg per day for 4 days, totally 100 mg/kg) was performed with plasma IGF1 assays before the first injection and on day 5. The poor response to GH was defined as an inability to generate IGF1 levels above 100 ng/ml (19) . It is important to notice that the IGF1 generation test is not necessary to propose a rhIGF1 supplementation in the French legislation.
Replacement therapy with rhGH was almost used in two identified indications of rhGH according to the wellestablished diagnostic criteria: GH deficiency and SGA. Efficacy was assessed during the first treatment year based on the following criteria: i) good height velocity response (defined as height velocity above the mean K1 S.D. on the ISS curve according to gender (20) or height velocity between 7 and 11.4 cm (10th-90th percentiles) for SGA children (21) ); and ii) good height response (defined as height gain O0.5 S.D.) (22) ; plus iii) (if available) 
Classification of the patients
Patients were classified into eight categories according to the following criteria: i) normal growth (height within G2 S.D.); ii) transient prepubertal slowing of growth with resumption of normal growth velocity at puberty onset; iii) endocrine diseases such as GH deficiency, hypothyroidism, Cushing's syndrome, gonadotropin deficiency, and premature ovarian failure; iv) SGA defined as length and/or weight at birth %K2 S.D.; v) genetic syndromes (abnormal gene test results or multiple birth defects); vi) adverse effects on growth of a chronic disease or of medications; vii) abnormal growth related to previously diagnosed CSD; and viii) ISS, defined as height %K2 S.D. with no identified etiology.
Results
Study cohort
Between 1st January 2004 and 31st December 2009, 2546 patients were evaluated for suspected slow statural growth, including 1441 (56.6%) boys. Mean age at the first visit to our unit was 9.5 years (range, 0.02-21.3 years). All the patients were prepubertal. We excluded 34 adopted patients and 16 patients with missing data. Each of the remaining 2496 patients was evaluated and classified as one of the eight above-described categories ( Fig. 1 
Description of patients with potential IGFD
Overall, 30 of the 2496 patients (1.2%) met the four criteria for rhIGF1 treatment (i.e. height %K3 S.D., serum IGF1 levels !2.5th percentile, GH sufficiency, and absence of causes of secondary IGFD). After exclusion of the 312 patients deemed to have normal growth, the prevalence was 1.6% (30/1884). All 30 patients were in the ISS or SGA categories, that corresponding to a IGFD prevalence at 3.9% (30/768), and 2.5% among the ISS children, as the other categories implied the presence of another cause of short stature (with or without low IGF1 levels): 11 children had ISS and 19 were born SGA without catch-up growth to above K2 S.D. at first evaluation ( Fig. 2 ).
Follow-up of patients with IGFD
We used clinical and laboratory data to classify these 30 patients into five groups (Table 1) .
Spontaneous normalization of IGF1 levels and/or growth (nZ7) " IGF1 levels and/or growth returned to normal spontaneously in seven children. Among them, two (patients #1 and #2) were born SGA and normalized their growth (height within G2 S.D.) but not their IGF1 levels, with no change in BMI. Of the remaining five patients (#3 through #7), four normalized their IGF1 levels but not their growth within G2 S.D. and one (#6) had both a return to normal of IGF1 levels and catch-up growth from K3.3 to K1.2 S.D. Of these five patients, two (#4 and #5) were underweight (BMI !K2 S.D.) and one (#5) normalized his BMI from K2.8 to C1.1 Zs. Moreover, in patient #5, the IGF1 generation test showed IGF1 elevation after 4 days of rhGH replacement therapy; this patient has been scheduled for rhGH replacement therapy.
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Figure 1
Identification of patients with severe primary IGF1 deficiency. Replacement therapy with rhGH (nZ15) " Out of 15 children treated with rhGH, 12 (#8-#19) showed a good clinical response including ten with a good laboratory response. Out of these 12 patients, seven (#8-#14) were born SGA. The remaining five good responders had ISS; two of them (#17 and #19) were treated when an IGF1 generation test showed IGF1 elevation after 4 days of rhGH replacement therapy and the other three (#15, #16, and #17) were treated at the request of the physician and with the prior agreement of the statutory health insurance authority (no agreement of replacement GH therapy for ISS in France) to evaluate the potential efficacy of rhGH replacement therapy in ISS. The three nonresponders (#20, #21, and #22) were born SGA. Among them, two showed a BMI decrease during rhGH replacement therapy; for the remaining one patient (#20), no cause of rhGH nonresponding treatment was identified. Surprisingly, despite major feeding difficulties, patient #21 had normalization of her IGF1 levels during rhGH replacement therapy, a fact that argued strongly against IGFD. In patient #22, whose BMI decreased, poor treatment adherence was reported by the family, suggesting that the absence of a response was due to inadequate rhGH exposure and not to IGFD.
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Skeletal dysplasia (nZ4) " The radiographic survey showed evidence of skeletal dysplasia in four children. The diagnoses were polyepiphyseal dysplasia (#23), metaphyseal dysplasia (#24), SHOX-like syndrome (#25), and acrocapitofemoral dysplasia (#26). Out of these four patients, two were born SGA (#23 and #26) and three (#23, #24, and #25) had at least one parent with a height %K2 S.D. IGFD (nZ2) " IGFD was documented in two children, one with no response to the IGF1 generation test and one with Laron syndrome. The first child (#27) was born from nonconsanguineous parents and had intrauterine growth restriction (birth weight, K2.3 S.D.). He was referred to our unit at the age of 7 years for growth retardation (K3 S.D.). An IGF1 generation test showed no response (IGF1 change from 42 to 54 ng/ml (!K3 S.D.)). Molecular studies failed to identify a GH receptor gene mutation. The parents declined rhIGF1 replacement therapy. The patient is now 10 years old, his growth velocity is settled on the K3 S.D. curve, and his IGF1 levels remain low at K3 Zs. The second child (#28) was born from consanguineous parents and was referred for major growth retardation (height K9. Patients lost to follow-up (nZ2) " Two children (#29 and #30) were lost to follow-up. Overall, two children were identified with severe primary IGFD indicating that they might benefit from rhIGF1 treatment. Among the three children who did not respond to GH supplementation, one had IGF1 level normalization, which nearly ruled out IGFD. Thus, four children were candidates for rhIGF1 treatment.
Discussion
The prevalence of severe primary IGFD remains unclear. Previous studies showed prevalences ranging from 11 to 25% (9, 10, 11) but used different definitions and source populations. We defined severe primary IGFD based on criteria for rhIGF1 replacement therapy and found much lower prevalences of 1.2% overall and 2.5% among the ISS children. However, in a study of prepubertal children with isolated short stature defined as height %K2 S.D., the subgroup with height %K3 S.D. (the criterion for short stature used in our study) had a prevalence of IGFD of only 0.8% (nZ3/362), similar to our result ( Table 2) .
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Figure 2
Classification of the 30 patients with possible IGF1 deficiency (IGFD) according to birth measurements. CSD, constitutional skeletal dysplasia; SGA, small for gestational age; ISS, idiopathic short stature; BM, birth measurements. Depending on the study, short stature is defined as height %K2 or %K3 S.D. We chose height %K3 S.D., which is among the criteria for rhIGF1 treatment. French reference curves for height were established in 1979. As height increases from one generation to the next (e.g. by 1.5 cm/10 years in The Netherlands (23)), our study probably underestimated the number of children with short stature. Updated reference curves for the French population are needed. Finally, obstacles to comparisons of the prevalence of IGFD include the lack of precision of the case definition (24) and the absence in most patients of molecular confirmation of the diagnosis (25) .
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To assess the number of children eligible for rhIGF1 treatment, we evaluated the time course of the abnormalities. In five children, IGF1 levels returned to normal spontaneously. Many factors affect IGF1 levels (26) , and a single IGF1 assay is not sufficient to establish a diagnosis of IGFD. In addition, there is no international standard regarding the assay method or sample collection and storage procedures (27) , and intra-individual variations in IGF1 levels consistent with variability across assay methods have been reported (28) . Finally, IGF1 levels in the bloodstream do not reflect the paracrine and autocrine activity of IGF1, which exerts a major effect on growth velocity (29) . Thus, the interpretation of IGF1 levels is difficult. One of the five children experienced BMI normalization, which might explain the spontaneous IGF1 level normalization (30) . One study showed that children with ISS were picky eaters who manifested little enjoyment of food and were soon satisfied. These patients had BMI values that were within the normal range but lower than that in controls (31) . Before considering a diagnosis of IGFD, weight deficiencies should be corrected and dietary intakes assessed to eliminate malnutrition, a cause of secondary IGFD. In our study, two of the three patients who failed to respond to rhGH therapy had decreases in BMI during the treatment, a factor that further emphasizes the major role for nutritional status on growth and the need to correct any nutritional deficiencies. In addition, a previous study established that a satisfactory increase in IGF1 levels during rhGH replacement therapy occurred only in well-nourished children (32) .
In our study, rhGH therapy was effective in seven children born SGA, in keeping with earlier data (32) . In addition, five children with ISS responded to rhGH therapy, including two with positive IGF1 generation tests. A study in children with ISS showing an increased final height in children with ISS given long-term rhGH therapy (33) led to licensing of rhGH in this indication in several countries. In France, however, rhGH is not approved for the treatment of ISS, and no treatment is available for children with ISS who do not meet criteria for rhIGF1 therapy.
Three further investigations may provide additional diagnostic and therapeutic advances. First, in patients diagnosed with IGFD, IGF-binding protein 3 and GH-binding protein (GHBP (GHR)) should be assayed, and molecular tests should be done to assess genes such as the GH receptor (GHR) gene and IGF1 gene (34) . Secondly, studies on nocturnal GH release in patients with normal peak GH secretion but with slowdown stature might allow the identification of GH neurosecretory dysfunction, a condition that might respond to rhGH therapy. GH neurosecretory dysfunction is not sought routinely but may explain the good response to rhGH seen in some children with ISS (35) . Finally, the IGF1 generation test, despite its limitations (36) , might provide useful therapeutic guidance by helping to predict the response to rhGH.
Out of our 30 patients with potential severe primary IGFD, four had skeletal dysplasias diagnosed by routine skeletal surveys. A diagnosis of CSD may be an argument Table 2 Prevalence of IGF1 deficiency (IGFD) according to studies and inclusion criteria.
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Inclusion criteria Prevalence 1 (%) Prevalence 2 (%) (10) Height %K2 S.D. 2 5 N A IGF1 %K2 S.D. (11) Height %K2 S.D. 1 1 N A IGF1 !K3 S.D. (9) Height %K2.5 S.D. 20 0.8 IGF1 %K2 S.D. Our cohort Height %K3 S.D. 1.2 1.2 IGF1 !2.5th percentile against the use of rhIGF1, as well as of rhGH in some cases with a mild or absent significant effect on height and the possibility to observe serious adverse effects (37) .
Treatment with rhIGF1 has proven effective in patients with GH insensitivity. Growth rates increased by 5.4-6.1 cm/year according to the dosage (80 mg/kg-120 mg/kg per 12 h) (38) . A single study evaluated the efficacy of rhIGF1 given for 1 year to children with ISS (8).
These results indicate a need for caution regarding several points such as the mean IGF1 SDS increases of C2 (80 mg/kg) or C2.2 (120 mg/kg), i.e. at the upper limit of international recommendations (39); accelerated bone maturation compared with the control group (1.1 and 1.2 vs 0.8 years), and a significantly greater number of children entering puberty (12 vs 1). However, this study (8) demonstrates the efficacy of rhIGF1, with a growth rate increase in both dosage groups (7 and 7.9 vs 5.2 cm/year in controls) and increased height (C0.4 and C0.5 S.D. vs 0.02 S.D. in controls). Similar results were reported after 1 year of rhGH therapy in children with ISS (40) . It would have been of interest to compare the two rhIGF1 dosages with rhGH instead of untreated controls. Nevertheless, if the preliminary results with rhIGF1 are promising, particularly as no other treatment options are available to date under certain conditions, it remains important to consider the use of rhGH in first line, especially in children with SGA.
The prevalence of severe primary IGFD defined using criteria for rhIGF1 treatment was only 1.2% in a vast cohort of children with short stature. Thus, the number of patients eligible for rhIGF1 therapy is small. Nevertheless, the efficacy of rhIGF1 in carefully selected patients is important to note, as no other effective treatments are available.
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